Tissue engineering holds great promise for regeneration and repair of diseased tissues, making the development of tissue engineering scaffolds a topic of great interest in biomedical research. Because of their biocompatibility and similarities to native extracellular matrix, hydrogels have emerged as leading candidates for engineered tissue scaffolds. However, precise control of hydrogel properties, such as porosity, remains a challenge. Traditional techniques for creating bulk porosity in polymers have demonstrated success in hydrogels for tissue engineering; however, often the conditions are incompatible with direct cell encapsulation. Emerging technologies have demonstrated the ability to control porosity and the microarchitectural features in hydrogels, creating engineered tissues with structure and function similar to native tissues. In this review, we explore the various technologies for controlling the porosity and microarchitecture within hydrogels, and demonstrate successful applications of combining these techniques.
Introduction
I n most scaffolding materials, the porosity of the scaffolds plays an important role in directing tissue formation and function. [1] [2] [3] A substantial amount of scaffold porosity is often necessary to allow for homogeneous cell distribution and interconnection throughout engineered tissues. In addition, increased porosity can have a beneficial effect on the diffusion of nutrients and oxygen, especially in the absence of a functional vascular system. 2 Hydrogels have been used as scaffolds for tissue engineering applications because of their similarities with extracellular matrix (ECM), excellent biological performance, and inherent cellular interaction capability. Hydrogels are crosslinked macromolecular networks formed by hydrophilic polymers swollen in water or biological fluids. 4 Upon implantation, hydrogel porosity allows for local angiogenesis to occur, which is a key requirement for vascularized tissues. The degree of porosity will also have a substantial effect on the mechanical properties, with the stiffness of the scaffold decreasing as porosity increases, 5 and the mechanical characteristics varying greatly with fluid flux caused by deformation. 6 The porosity and pore architecture in terms of porosity and pore interconnectivity play a significant role in cell survival, proliferation, and migration to fabricate functional hydrogel, and secrete ECM. 7, 8 The pore interconnectivity allows for cell ingrowth, vascularization, and nutrient diffusion for cell survival. [9] [10] [11] The extent of ECM secretion also increases by increasing the pore size. 8 It was found that in genipin crosslinked gelatin hydrogels with smaller pores, the tendency was tilted toward cell growth rather than of ECM secretion, 8 resulting in overconfluence during the middle and late stages of differentiation; consequently, the extent of ECM secretion decreased compared to that within gelatin hydrogels with larger pores. 8 The average pore size of the hydrogels greatly affects the growth and penetration of cells in the 3D structure of hydrogels. Without using an intrinsic capillary network, the maximal thickness of engineered tissue is approximately 150-200 mm because of insufficient oxygen and nutrient transport within the deeper compartments of the biomaterial. 12 In addition, mean pore size has been shown to impact the amount of contraction a graft will undergo after implantation. An average pore diameter of 20-125 mm was required for contraction-inhibiting activity to be observed in collagen-glycosaminoglycan graft copolymers used for dermal repair. 13 The effect of implant pore size on tissue regeneration is emphasized by experiments demonstrating the optimum pore size of 5 mm for neovascularization, 5-15 mm for fibroblast ingrowth, 20-125 mm for regeneration of adult mammalian skin, 100-350 mm for regeneration of bone, 40-100 mm for osteoid ingrowth, and 20 mm for the ingrowth of hepatocytes. 14 
Fibrovascular
tissues also require pore sizes greater than 500 mm for rapid vascularization and survival transplanted cells. 15 The microscale features of individual and clusters of pores combine to create the hydrogel microarchitecture, controlling many aspects of cellular orientation, aggregation, and function. 2, 16 Thus, control of scaffold porosity and microarchitecture plays a key role in regulating engineered tissue properties. 17 Control of these intricate hydrogel features is important toward guiding the development of the resulting engineered tissues. Techniques to control the overall porosity of hydrogels include solvent casting=particle leaching, freeze-drying, gas foaming, and electrospinning. Combinations of these methods have been used to fabricate porous hydrogels for many tissue engineering applications. In addition, more advanced control of specific pore features and microarchitecture has been achieved through various micropatterning 18 and micromolding [19] [20] [21] [22] techniques. With these techniques it is possible not only to specifically control individual and group pore architecture, but also to take the next step to create microvascular features to improve integration within host tissues. In this review we will describe the potential and limitations of these methods to control bulk porosity as well as the microarchitectural features of channels and capillary networks.
Macroscale Porosity and Microarchitecture

Solvent casting=particle leaching
Solvent casting=particle leaching begins with the dispersion of a porogen with controlled particle size into a polymer solution. The appropriate technique is used to solidify the polymer, producing a polymer-porogen network. 23, 24 The solute particles are subsequently leached, or dissolved away by immersing the material in a selective solvent, resulting in the formation of a porous network.
A wide variety of porogens have been employed for this technique depending on the hydrogel and application. Historically, salt particles are most commonly used because they are inexpensive, widely available, easy to handle, and stable under an assortment of processing conditions. Alternative porogen materials, including sugars, 25 paraffin, 26 and gelatin, 27 have also been employed with hydrogels. The nature of the porogen has been demonstrated to play an important role in the interconnectivity of pores and in turn the cellscaffold interactions after seeding. 28 Porogen geometry has also been shown to influence the structure of the porous network formed using particle leaching. 29 In particular, it has been demonstrated that spherical particles result in more interconnected pores than cubic particles at the same final porosity. 29 Using salt leaching, poly(ethylene glycol) (PEG)-poly (e-caprolactone) (PCL)-based hydrogels were produced using NaCl as a porogen (pore size distribution: 180-400 mm) and dimethyl sulfoxide as a solvent. 30 After leaching with distilled water, a highly porous and interconnected matrix with enhanced swelling properties was formed and was demonstrated to be capable of facilitating efficient cell seeding of rabbit chondrocytes. 30 Similar processing techniques using NaCl have recently been applied to oligo [(PEG) fumarate], 31 alginate-g-poly(N-isopropylacrylamide), 32 poly(2-hydroxyethyl methacrylate), 33 and other hydrogel systems.
In another variation, salt leaching has been used to create polyester scaffold templates that can be utilized for fabrication of macroporous hydrogels. In one study, a PEG-poly(lysine) prepolymer was cast and cured around a salt-leached poly(lactic acid-co-glycolic acid) (PLGA) scaffold. 34 The PLGA network was degraded using sodium hydroxide (NaOH), leaving behind a macroporous PEGpoly(lysine) hydrogel. 34 Endothelial cells were seeded and shown to establish tubules with dimensions that were consistent with the pore size, suggesting that the scaffold structure provided physical direction for vessel formation. 34 Particle leaching has recently been used to fabricate porous components in microfluidic devices. 35 A living radical photopolymer system and salt leaching technique were combined to generate porous polymer networks in microfluidic channels. The microchannel was produced by living radical photopolymer, whereas porosity was generated after salt leaching. 35 Valve systems were fabricated and it was shown that porous valves will swell and close much more rapidly than nonporous valves made with similar materials. 35 A major advantage of the solvent casting method is that pore size and overall porosity can be tuned by changing the particle size and concentration within the prepolymer, respectively. Additionally, this technique can be performed feasibly on a small scale, making it widely available and well suited for use during the development stages of a new hydrogel system. However, using the solvent casting method there is little control over the orientation and the degree of interconnectivity of pores. Owing to limitations associated with removing solid particles from the hydrogel, this technique is usually restricted to the fabrication of commonly thin hydrogel sheets (typically less than 500 mm) that must later be assembled into a larger construct. It should be noted that many particle leaching methods rely on the use of cytotoxic organic solvents that require lengthy drying times to assure complete removal and are not compatible with cell viability.
Freeze-drying
Freeze-drying, also known as lyophilization, has been used extensively for the fabrication of porous hydrogels for tissue engineering. This method uses rapid cooling to produce thermodynamic instability within a system and cause phase separation. The solvent is then removed by sublimation under vacuum 36 leaving behind voids in the regions it previously occupied.
This technique was applied to produce porous collagenchitosan hydrogels. 37 After preparation of a 9:1 collagen:chitosan blend, glutaraldehyde solution was added to crosslink the mixture before freeze-drying. The freezing temperature before lyophilization was shown to have an impact on the characteristics of the resulting hydrogel. In particular, samples that were frozen at À208C and À808C resulted in open pore structures after lyophilization, whereas parallel sheet structure was obtained at À1968C (in liquid N 2 ). 37 Moreover, the swelling ratio diminished from 4400% to 2000% as the temperature decreased from À208C to À1968C due to the reduction of contact surface area. 37 Both in vitro and in vivo characterizations confirmed that the fab-
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ANNABI ET AL. ricated hydrogels seeded by preadipocytes cells were biocompatible, induced vascularization, and formed adipose tissue. 37 A modified freeze-drying procedure has been used to fabricate agarose hydrogels with linear pores (Fig. 1A, B ). 38 This method utilizes a freezing step that involves exposing only one end of a pillar of agarose to a block of dry ice immersed within a pool of liquid nitrogen. 38 The resulting uniaxial temperature gradient caused ice crystals to form that were oriented in the direction of the gradient. 38 Upon removal of water by lyophilization, a highly linear network of porous channels was formed with dimensions suitable for cell infiltration. 38 Scaffolds fabricated with this method were able to guide axonal regeneration in a spinal cord injury model ( Fig. 1C -E). 39 Since the quenching procedure used in freeze-drying techniques is generally rapid, the phase separation occurring during the initial freezing may not be complete, resulting in the formation of a polymer-lean phase that may still contain suboptimal amounts of polymer. 40 To circumvent this problem, an alternate method involving the use of repeated freeze-thaw cycles may be employed. Upon repeating the freezing process, further phase separation of the polymerlean phase within the pores occurs, forming a new, more diluted, polymer-lean phase and a more concentrated polymer-rich phase allowing the formation of larger pores. This technique was used to fabricate poly(vinyl alcohol) (PVA) hydrogels using a cycle consisting of a 20 h freeze step at À228C followed by a 4h thawing step at 258C. 40 Freeze-drying techniques are suitable for a wide range of hydrogel materials, including natural [41] [42] [43] and synthetic hy-drophilic polymers, 44, 45 to produce interconnected porous structures. However, these methods encounter difficulty in precisely tuning pore size since the hydrogel architecture formed using this method are extremely sensitive to the kinetics of the thermal quenching process. Other issues associated with this technique are the low structural stability and generally weak mechanical properties of the fabricated materials. The freeze-drying process often results in the formation of a surface skin because the matrix may collapse at the scaffold-air interface due to the interfacial tension caused by solvent evaporation. 46 In addition, freeze-drying is energy intensive and requires a relatively long processing time for complete removal of solvent. 23 To address these issues, an alternative freeze gelation process has been utilized to produce porous hydrogels for chitosan and alginate, respectively. 46 In this study, a frozen chitosan solution (À208C) was immersed in a precooled NaOH=ethanol solution to adjust its pH to allow for gelation of chitosan below its freezing point. 46 Since the polymer was already gelled in the frozen state, the solvent could be removed with drying at room temperature without the formation of a surface skin. A highly interconnected porous hydrogel with the pores that ranged from 60 to 150 mm and porosity of 90% was produced using this technique. 46 In vitro studies indicated that seeded rat osteoblast-like cells were able to attach, spread, and proliferate both inside and on the surface of the resulting hydrogel. 46 Compared with conventional freeze-drying, this method has improved energy efficiency, and is amenable to scale up. 46 
Gas foaming
Conventional gas foaming. Gas foaming utilizes the nucleation and growth of gas bubbles dispersed throughout a polymer to generate a porous structure. 47 The gas bubbles can either be formed by foaming=blowing agent via chemical reaction, 48 or be released from a presaturated gas-polymer mixture at a high pressure. 47 A foaming=blowing agent is a substance that is mixed into the prepolymer and generates a gas when it chemically decomposes. The most commonly used foaming agent for fabricating porous hydrogels is sodium bicarbonate owing to its ability to generate CO 2 in mildly acidic solutions. As an example, sodium bicarbonate has been used to fabricate an acrylic acid-acryl amide porous hydrogel by crosslinking acrylic acid and acryl amide with N,N 0 -methylenebisacrylamide. 49 The resultant hydrogel showed an interconnected structure with pore size ranging from 100 to 250 mm and 100% equilibrium swelling ratio. 49 Sodium bicarbonate has recently been used as a blowing agent to create macroporous hydrogels from photocrosslinkable PEG diacrylate covalently linked to the peptide sequence RGD to promote cell adhesion on this otherwise cell-repellant hydrogel material. This scaffold was found to support the adhesion and long-term viability of human mesenchymal stem cells and facilitated mineralization when exposed to osteogenic medium. 50 Interestingly, human mesenchymal stem cells were also capable of binding to porous PEG-based gels even in the absence of the RGD adhesion sequence, suggesting that structure of the scaffold was sufficient for cell attachment. 50 Ammonium bicarbonate is another gas blowing agent that has been used to produce interconnected pores inside hydrogels via its decomposition to CO 2 and NH 3 . As an example, ammonium bicarbonate was added during the irradiation of carboxymethylcellulose-sodium and polyacrylamide to induce porosity 51 and was shown to enhance the swelling ratio in comparison with hydrogels prepared in the absence of a blowing agent.
Owing to the wide availability of the most common blowing agents, this method provides an inexpensive platform to introduce porosity into hydrogel materials. The blowing agents used are generally cell friendly, and this technique can be employed without the use of organic solvent, making it well suited for tissue engineering applications.
Gas foaming with dense gas CO 2 . A dense gas is a fluid above or close to its critical temperature and pressure, which demonstrates physical properties intermediate to those of a true gas or liquid phase. Dense gas CO 2 has a relatively low critical temperature (T c : 318C) and is an attractive candidate for biomaterial processing because it is inert, nontoxic, and inexpensive. 23, 52 This gas has been widely used as a foaming agent to induce porosity in the structure of several common hydrophobic polymers such as poly(lactic acid) (PLA), PLGA, and PCL. 23, [52] [53] [54] [55] However, dense gas CO 2 generally has low solubility in hydrophilic polymers. Various techniques such as CO 2 -water emulsion templating [56] [57] [58] [59] [60] or the use of a cosolvent system have been developed to improve the ability of a dense gas to diffuse into a hydrophilic polymer and produce porosity. 61, 62 Using dense gas CO 2 to generate porosity eliminates the use of surfactant or foam stabilizer that is required in conventional gas foaming techniques. 50, 51 Emulsion templating involves forming a high internal phase emulsion (HIPE) that is composed of an external phase consisting of a curable polymer and an internal phase made of minute droplets. The structure of the external phase is locked in by reaction-induced phase separation such as solgel chemistry or free-radical polymerization. 60 Subsequent removal of the emulsion droplets allows highly porous and interconnected materials (polyHIPES) to be obtained. 60 Conventional emulsion templating techniques require large amounts of organic solvent to generate the internal phase (more than 75%), which may be difficult to remove after curing, 56 resulting in cell cytotoxicity. CO 2 -water HIPEs, using supercritical CO 2 as the internal droplet phase and an aqueous solution as the external phase, have been considered to produce emulsion-templated materials without the use of an organic solvent. 59 Supercritical CO 2 -water emulsion templating techniques have been used to produce highly porous crosslinked hydrogels using many naturally occurring biopolymers such as dextran, 56 chitosan, 59 and alginate 57 and synthetic polymers, including PVA, blended PVA=PEG, 59 and CaCO 3 =polyacrylamide composites. 60 CO 2 -water emulsion polymerization templating has been used with the polysaccharide dextran to form highly interconnected and thin-walled porous hydrogels. 56 In this process, perfluoropolyether was employed as a surfactant to stabilize the supercritical CO 2 -water emulsion and potassium peroxydisulfate as an initiator for radical polymerization to produce an interconnected porous dextran hydrogel. 56 Variation of the volume fraction of CO 2 did not have a significant effect on pore size. 56 It was found that as the volume fraction of CO 2 increased, the walls between adjacent pores became thinner and the pores had a more polyhedrical shape. An increase in the surfactant concentration led to more open interconnected structure. The use of nonbiodegradable surfactant and a mean pore size less than 26 mm may not allow this technique to be used for cell culture applications.
Physically crosslinked alginate hydrogels have been produced using the CO 2 -water emulsion templating technique. 57 In this method, supercritical CO 2 simultaneously served as the templating agent as well as inducing acidity, which caused the release of calcium ions from their chelated form, leading to crosslinking of the alginate and formation of a porous hydrogel. 57 The fabricated alginate hydrogels displayed an open and interconnected pore network in the range of 23.9-250 mm depending on the surfactant concentration and CO 2 fraction. 57 A dense gas hydrogel formation process was designed to fabricate highly porous biopolymeric hydrogels such as elastin-based hydrogels using different crosslinking agents, including glutaraldehyde 63 and hexamethylene diisocyanate. 64 In the latter process, a-elastin solution in phosphatebuffered saline or dimethyl sulfoxide was mixed with the crosslinking agent and pressurized with CO 2 to 60 bar for at least 30 min to crosslink. 64 Subsequent depressurization induced large channels in the 3D structures of the hydrogels (Fig. 2C) . The average pore size of hydrogels fabricated by using 2% (v=v) hexamethylene diisocyanate increased from 3.9 AE 0.8 to 79.8 AE 54.8 mm when pressure was increased from 1 bar to 60 bar ( Fig. 2A, C) . The a-elastin hydrogels facilitated fibroblast growth and proliferation in the 3D structures ( Fig. 2D ). 63 A cosolvent is often used to improve the diffusion of a dense gas into a hydrophilic polymer to produce porous hydrogels. In a recent study, a biodegradable polymer such as collagen and gelatin as well as a solvent such as ethanol or diluted acid were placed in a high pressure chamber. 62 The 
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vessel was then pressurized with a supercritical fluid at a predetermined temperature and pressure to allow the supercritical fluid to dissolve into the polymer with the aid of the solvent. 62 Finally, the pressure was released and a porous structure was obtained. The size and morphology of the porous hydrogel can be controlled by adjusting the operating pressure and temperature. 62 The use of supercritical CO 2 allows low temperatures to be maintained within the polymer, which is favorable if temperature-sensitive growth factors are to be directly incorporated into the material. The requirement of a reactor that can handle high pressures and access to supercritical CO 2 limits wide access to this processing technique. It is critical to determine the effect of high-pressure CO 2 on the biopolymers such as proteins. High-pressure CO 2 has been used in micronization, impregnation, and fabrication of hydrogels using proteins such as insulin, 65, 66 catalase, 67 recombinant human deoxyribonuclease, 68 elastin, 69 trypsin, and lysozymes. 65, 70 The biological activity and structural perturbations induced during the dense gas process were found to be protein specific. The biochemical integrity of proteins such as elastin, 69 lysozyme, and insulin 65 was preserved upon exposure to dense gas CO 2 . The biological activity of proteins with isoelectric points above 3 such as recombinant human deoxyribonuclease 68 and b-galactosidase 71 was a function of CO 2 operating conditions.
Electrospinning
Electrospinning has garnered significant interest in the field of tissue engineering because of its ability to fabricate interconnected porous scaffolds. The basic premise of electrospinning is the use of an externally applied electric field to draw fibers from a charged polymer solution held by surface tension at the end of a capillary tube. The polymer is charged by applying a high voltage and is then drawn as a thin jet toward an oppositely charged collector plate by electrostatic force. As the jet travels through the air, the solvent evaporates and jet diameter decreases substantially. 72 The fibers are typically collected on a stationary ground plate, but a rotating drum can be used as the collector to achieve a preferred orientation. 73, 74 The resulting material properties such as fiber diameter, porosity, and morphology can be controlled by various parameters such as applied voltage, viscosity, solution conductivity, and temperature. 75 This technique can be used to produce fibers in the micro-and nanometer range.
Electrospinning has been used to fabricate porous hydrogels of PVA and polyacrylic acid. 76 Using this method, a PVA and polyacrylic acid solution mixture at different ratios was placed in a glass capillary with the 0.4 mm inner diameter tip, which was tilted downward at an angle between 08 and 308 depending on the solution viscosity. 76 An ultrafine (submicron) fibrous hydrogel was formed after the electrospinning process. The majority of the interfiber pores were connected, which is desirable for tissue engineering applications to allow cell-cell interaction and migration. 76 The swelling behavior of the fibrous hydrogel membrane was found to be dependent on the environmental pH and could be enhanced by application of an electric field. 76 The techniques of electrospinning and salt-leaching were combined to form a macroporous hyaluronic acid (HA)-collagen hydrogel with fibers on the nanometer scale. 77 In this process, HA and collagen were dissolved in a NaOH=N,N-dimethyl formamide solvent mixture. 77 During the electrospinning process, NaCl particles were simultaneously deposited into the electrospun fibers to induce interfiber porosity. After subsequent chemical crosslinking and salt leaching, a porous HA-based hydrogel was produced. 77 In vitro studies demonstrated that the hydrogel could support adhesion, proliferation, and retention of in vivo morphology of bovine chondrocyte cells (Fig. 3) . 77 Many natural polymers such as collagen, silk fibroin, and fibrinogen have been processed using electrospinning into fine nonwoven mats with fibers in the micro-and nanometer range for tissue engineering applications. 74, [78] [79] [80] [81] [82] Various cell types have been reported to attach, proliferate, and differentiate within these matrices, demonstrating their utility in tissue engineering. 73 However, significant challenges that still exist in using this technique with hydrogels include an inability to fabricate complex 3D hydrogel shapes, poor mechanical properties, and limited control over the porosity and pore size. 83 Traditional methods for hydrogel fabrication commonly involve procedures or chemicals that are not desirable for cell viability. Low pressure and dehydration in freeze-drying techniques, the use of surfactants in dense gas templating techniques, organic solvents, and cytotoxic crosslinkers are examples of these abrasive conditions. Typically, cells can be seeded into these materials after creation; however, the inability to encapsulate the cells during the initial fabrication could diminish the ability to achieve heterogeneous cell distribution. 84 For example, if the pores are too small for cells to penetrate, or if the pores are insufficiently interconnected, it may not be possible to seed cells throughout a hydrogel-based scaffold after formation, whereas this is readily achievable if the fabrication technique is cytocompatible. Direct encapsulation is possible in hydrogels that are created through such techniques as temperature change, 22 change in ion concentration, 85, 86 or UV crosslinking. 21 Although cell viability can be maintained long-term after creation using these methods, often these techniques do not allow for control over pore size and distribution as compared with more cytotoxic techniques. A balance must be reached in terms of heterogeneous cell seeding, pore size and distribution, and the hydrogel physical properties for each intended application.
Inducing porosity in hydrophilic-hydrophobic hybrid hydrogels
A common challenge in many of the techniques described previously for the fabrication of porosity in hydrogels is to improve the mechanical stability of the 3D structure. Hydrophilic hydrogels often exhibit poor mechanical properties, especially in their swollen state, which can be an obstacle for their broad applications in tissue regeneration. One technique is the addition of biodegradable hydrophobic polymers to enhance the mechanical properties of purely hydrophilic hydrogels. For example, the mechanical properties of collagen, elastin, and gelatin hydrogels fabricated by electrospinning were dramatically increased with the addition of 10% PCL without use of any chemical crosslinker. 87 One of the major issues in the fabrication of porosity in hybrid hydrogels is the phase separation caused by intrinsic immiscibility of hydrophilic and hydrophobic polymers. Before the creation of porosity by several methods such as solvent casting=particulate leaching, freeze-drying, gas foaming, and electrospinning, a homogeneous mixture of the polymer components must be formed. Methods including intimate mixing and interpenetrating polymer network (IPN) via sequential or simultaneous reaction of both polymers have been used to mix the two phases.
Mechanical stirring can be used for intimate mixing of the polymer solutions. A homogeneous single phase is readily acquired by simple mechanical stirring when both compounds are soluble in one solvent. Using this technique, chitosan=PCL porous hydrogels were prepared by dissolving both compounds in an acidic solutions followed by freezedrying ( Fig. 4A, B ). 88 The hydrogel exhibited excellent support for cellular activity in both 2D and 3D. Mechanical stirring and an emulsifier have been used to create emulsions of two immiscible phases before the fabrication of porosity in hydrogels. Porous PVA-PCL hybrid hydrogels with enhanced mechanical properties were successfully fabricated by creating an emulsion followed by freeze-drying and crosslinking. 88 In this study, PVA and PCL solutions were well mixed by using mechanical stirring to create homogeneous foam. The foam was immediately frozen at À708C and lyophilized at À858C for 24 h to acquire a highly porous 3D hydrogel with open and interconnected pores ranging from 30 to 300 mm. 88 The compressive loading of this hydrogel was enhanced at least twofold by increasing the concentration of PCL from 30 to 50 wt%. Fibroblasts and chondrocyte cells were shown to grow well in 3D porous composite hydrogels fabricated from PVA-PCL (1:1 weight ratio), underlining their excellent properties for tissue regeneration applications. 89 The creation of an IPN is an efficient method to reinforce porous hydrogels. In one study, nanosized particles of PLA was added to a solution of N-isopropyl acrylamide and a crosslinker to form a porous hydrogel by in situ polymerization and crosslinking. 89 PLA nanospheres were attached to the network matrix of poly N-isopropyl acrylamide hydrogels and generated enlarged porous structure. The presence of these large pores enhanced the swelling ratio at room temperature. 90 An IPN structure of porous-hybrid hydrogel of poly(ethyl methacrylate) as a hydrophobic and poly (2-hydroxyethyl acrylate) as a hydrophilic network was fabricated by using sequential polymerization. 90 A hydrophobic poly(ethyl methacrylate) network was prepared by simultaneous polymerization and crosslinking of ethyl methacrylate (EMA) monomers in ethanol, followed by polymerization and crosslinking of 2-hydroxyethyl acrylate (HEA) monomers. Herein ethanol served as both a solvent and a porogen to induce porosity in this hybrid hydrogel. 91, 92 The combination of solvent casting=particulate leaching and freeze-drying has been used to produce porous hybrid hydrogels. A hybrid method for the fabrication of a homogenous mixture of porous collagen hydrogel and biodegradable polymers such as poly(glycolic acid), PLA, and PLGA has been reported. 91, 92 A porous structure of hydrophobic polymer was first formed by solvent casting=particulate leaching technique and then immersed in a collagen solution. The mixture was placed under vacuum to fill the pores with collagen solution and then freeze-dried to fabricate microporosity into the matrix followed by crosslinking. 22 The integration of these techniques was used to fabricate a highly porous hybrid hydrogel with well-defined 3D structures.
Creating an interconnected, highly porous hydrogel structure with excellent mechanical strength and the desired pore size is critical for tissue engineering. Hybrid hydrogels can be used to tune the desired properties of hydrogel for a specific application, making them desirable for use in many engineered tissues. The average pore sizes that can be achieved by using different techniques to induce porosity in hydrogels are compared in Table 1 .
Microscale Control of Porosity and Microarchitecture
Fabrication of microchannels
To further control and improve diffusion and transport in hydrogels, researchers have used multiple techniques to 
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create microchannels within hydrogel structures. Although hydrogels often have a high degree of hydration with diffusion properties similar to that in the bulk surrounding fluid, microchannels have been shown to be effective in further improving the mass transport capabilities of hydrogels. 22, 93 A common method for producing microfluidic channels within hydrogels is the use of soft lithography micromolding. 94 Briefly, a photomask containing the desired pattern is printed and used in combination with an SU-8 photoresist-coated silicon wafer to create a template. Polydimethylsiloxane (PDMS) is then poured onto the SU-8 pattern, cured, and removed to generate a PDMS mold. The SU-8 template can typically be used multiple times to create multiple PDMS molds or stamps. Some polymers can be molded directly on the SU-8 master, avoiding the production of a PDMS replica. Otherwise, the polymer of interest is poured onto the PDMS stamp and cured. For example, PEG diacrylate on a PDMS mold may be polymerized using UV light in the presence of a photoinitiator. The PEG-PDMS combination can then be dissociated with hydration and mild agitation. These surface channel patterns can be made into microchannels by curing another solid hydrogel layer on top of the patterned surface to enclose the channels. Microscale channels have been successfully created using PDMS micromolding with PEG-DA and methacrylated HA, 22 whereas channels have been created directly on SU-8 masters using thermal gelation of agarose. 22 Creation of microchannels in cell-laden hydrogels has been shown to improve cell viability as well as orientation and alignment. Diffusion studies demonstrated that cell viability and function were improved in cells that were closer to the perfused channels, presumably because of increased nutrient exchange. 95 The combination of controlled pore size throughout a poly(2-hydroxyethyl methacrylate) hydrogel, created with spherical sacrificial elements, with photopatterned microchannels led to improved elongation, spreading, and fibrillar formation of C2C12 myoblasts. 96 Similarly, focused photoablation achieved using pulsed lasers in PEGylated fibrinogen hydrogels successfully created microchannels of controlled size that were shown to drive the directional growth of neurites. 97 Creation of microchannels to control both nutrient transport and cellular alignment, combined with controlled pore size in the bulk material, brings hydrogel-based tissues closer to the appearance and function of native tissues.
Rapid prototyping or solid free-form fabrication is another family of techniques that has recently been demonstrated as potentially useful for the production of patterned hydrogels for tissue engineering. A detailed consideration of this technology is beyond the scope of this review; however, the reader is directed to a review of this technology and its advantages published elsewhere. 3, 98 These approaches use computer-aided design to automatically generate 3D structures using a variety of methods. 98 A rapid prototyping technique that has found favor in the fabrication of hydrogels containing microchannels is stereolithography. Briefly, stereolithography is a liquid-based technique that utilizes layer-by-layer curing of a photosensitive prepolymer solution. 99 A laser scanner is used to photopolymerize a thin layer of liquid prepolymer, which is located above a computercontrolled stage. After 2D photopatterning of a single polymer layer, the stage is moved downward to cover the top of the cured polymer with fresh liquid prepolymer, and the process is repeated to generate a 3D object layer-by-layer.
As a proof of principle, this technique was used to create cell-laden methacrylated-PEG hydrogels with simple ring shapes. 99 It was shown that high cell viability could be maintained even when 2-3 min were needed to fabricate each layer. 100 Others have extended this work to generate complex shapes at high resolution. 100 Imbedded channels were fabricated with multiple bifurcations that could potentially serve as artificial microvasculature for tissueengineered constructs. 100 Multiple lumen conduit structures were formed with the aim of guiding nerve regeneration (Fig. 5A, B) . It was demonstrated that microbeads could be precisely placed within the fabricated structures, demonstrating the ability to generate single constructs from multiple materials containing different growth factors or cell types (Fig. 5C, D) . 101, 102 Stereolithography is capable of delivering high-resolution features that are limited primarily by the diameter of the laser used. It also allows the direct incorporation of cells during the fabrication of scaffolds, which is advantageous as it allows for a uniform cell distribution within the construct. The relatively high cost of equipment necessary for stereolithography has limited its use among researchers. Additionally, this technique is also only compatible with photocrosslinkable polymers limiting the potential material selection. Layer-by-layer assembly using this method is relatively time consuming, potentially limiting the technique to more robust cell types.
Interconnected microvascular networks
Although individual microchannels can improve nutrient transport and tissue function, the greater goal is to create intact microvascular networks in hydrogel-based tissues to improve tissue function and integration with the host vasculature. Synthetic materials such as self-assembling peptide gels, 103, 104 as well as natural hydrogels such as collagen 105, 106 have been used to study in vitro capillary morphogenesis.
Recent work has used micromolded gelatin channels as a sacrificial element to create perfusable microvascular networks in collagen and fibrin hydrogels. 16 The 3D gelatin channels were micromolded in PDMS, then encapsulated in collagen or fibrin, and placed in a standard 378C incubator, causing the gelatin to melt away, leaving behind a series of connected microchannels ranging from 6 to 50 mm in diameter ( Fig. 6) . Subsequent experiments determined that seeded endothelial cells would line the channels and provide typical barrier function against perfused particles as expected in vivo, making this technique useful as an in vitro model of microvascular function, as well as a potential technique for creating vascularized, hydrogel-based engineered tissues.
Control of microarchitectural features
One ultimate goal of microengineering techniques for tissue fabrication is the precise control of not only porous structures, but of the microarchitectural features within the construct as well. By recreating specific microarchitectural motifs, tissue engineers aim to optimize cell viability, morphology, and function. 107, 108 Using basic micromolding techniques, researchers have demonstrated the ability to create complex structures with microscale pore and tissue structures. 109 Agarose was formed into rods, tori, and honeycomb, or multiple connected tori, and H35 hematoma or human fibroblasts were seeded on these hydrogel structures and allowed to self-assemble within the hydrogels. The resulting structures demonstrated the ability to allow cells to form their own structures as dictated by the prescribed microarchitectural features and pores.
Using microfabrication techniques researchers have also demonstrated the ability to recapitulate native micro-and macroscale features to create engineered tissues with biomimetic appearance and function. For example, it has been demonstrated that the subsequent polymerization of cellladen hydrogels, using different photomasks, can be used to build tissues layer by layer ( Fig. 7A) . Individual hepatic features are photopolymerized sequentially to create duallayered tissues, surrounded by an ultrastructural honeycomb structure similar to the native sinusoid of the liver. Viability and hepatic cell function were improved in micropatterned constructs as compared to unpatterned controls (Fig. 7B, C) , demonstrating the importance of recreating the native microarchitectural features. This technique demonstrates how the combination of dictating the microarchitectural features and pore structure simultaneously can lead to improved cell viability and function.
Conclusions and Future Directions
Hydrogels hold substantial promise for creating functional engineered tissues, providing a significant need to control hydrogel porosity and microarchitecture. Traditional polymerprocessing techniques, such as porogen leaching and gas foaming, have demonstrated the ability to create hydrogels with uniform porosity throughout the scaffold with high ac-curacy. Combining these traditional processes with more recent microfabrication techniques has brought the field closer to the ultimate goal of complete control over microarchitecture and porosity in engineered tissues. With continued research in these and other advanced techniques such as cell and organ printing, hydrogel-based tissue engineering will continue to make advances toward clinical restoration of tissue function. There are considerable challenges to overcome before clinical application of complex ex vivo-engineered tissues can become a reality, such as control over mechanical properties, cell alignment, and behavior and integration with the host vasculature. Reprinted with permission from Tsang et al. 109 Color images available online at www.liebertonline.com=ten. However, with the techniques presented here, and new techniques in the future, the improved ability to control the porosity and microarchitecture of hydrogels will drive the research closer to these goals.
